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Introduction  

 Catalytic activity of islands and single clusters prepared on different substrates using 

either delocalized deposition pulse technique or tip induced deposition in a electrochemical 

scanning tunneling microscope (EC – STM) was studied in order to determine the optimal 

size and distribution of catalytic active metals. Activity at these islands, single clusters, as 

well as cluster arrays has been measured in situ immediately after preparation to avoid 

degeneration.  In case of single Pd clusters and cluster arrays, our new developed technique 

utilizing an STM tip for local reactivity measurements has been applied. Furthermore, a novel 

preparation procedure for catalytically active nanoprobes has been developed to apply the pH 

– sensing effect of hydrogen loaded Pd in future investigations. 

 

 

Pd on Au(111):   

 The influence of the substrate on the properties of Pd ad layers on Au(111) was 

investigated as a function of the morphology of the Pd deposits (Fig. 1).  The relation between 

the binding energy of d-electrons of Pd on Au(111) and their activity regarding proton 

reduction in aqueous perchloric solution was investigated by X-ray photoelectron 

spectroscopy and galvanostatic reactivity measurements.  Morphology and stability of 

epitaxially grown Pd layers and sub-monolayers on Au(111) were characterized by cyclic 

voltammetry and scanning tunneling microscopy prior and after the reactivity measurements. 

The proton reduction rate increases with decreasing thickness of the Pd layers from 3 to 1 ML 

by a factor of three, much smaller than predicted by Nørskov. By contrast, at Pd coverage 

below 1 ML the proton reduction rate increases by up to one order of magnitude, which may 
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confirm an additional contribution of the spill over of hydrogen onto the Au(111) terraces 

(Fig. 2).   

 Pd coverage below 1 monolayer (ML) show an increase of the proton reduction rate by 

up to one order of magnitude, compared to a single ML of Pd on Au(111).  In order to proof 

this, Pd ad layers on Au(111) were prepared with a small island size distribution and different 

island density using a two step potential pulse technique.  During a first nucleation step 

clusters were formed on Au(111). The applied over potential of this first step determines the 

density of particles.  In a subsequent growth step these nuclei were grown to larger particles 

with the desired size.  Thus, an independent variation of size and density of Pd islands on 

Au(111) can be derived varying over potential within the first and time in the second step.  So 

far, the distribution of island diameters, as determined from in-situ scanning tunneling 

microscopy (STM) measurements, could be improved to have size values of approximately 1 

– 1.5 nm, and maxima below 2 nm. The morphology and stability of these Pd islands on 

Au(111) were characterized by cyclic voltammetry and STM prior and after the reactivity 

measurements. The activity of samples showing very small cluster diameters and very small 

size distribution at low coverage is increased by up to one order of magnitude as compared to 

our previous findings at samples showing larger Pd islands. Thus, the activity data for Pd 

islands seem to increase further with decreasing cluster size, and, thus, converge with the 

activity data derived from our activity measurements at single clusters utilizing our previously 

developed in-situ technique for local activity measurements (Fig. 3). This technique measures 

hydrogen oxidation current at the STM tip, which results from the hydrogen produced by 

proton reduction at the Pd cluster or cluster array on Au(111) underneath the STM tip (Fig. 4).   

 

 In order to separate effects of electronic modification of terrace atoms in the nano 

islands from effects of edge atoms the dependence of proton reduction rate as a function of 
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the ratio of edge atoms vs. terrace atoms of the Pd islands has been investigated by varying 

the size of the islands.  The influence of the edge atoms of the Pd islands on the proton 

reduction rate at Pd islands on Au(111) has been found to be small and not significant.  

 

 Single clusters and cluster arrays consisting of clusters with same size have been 

fabricated utilizing the well known tip induced deposition procedure (Fig.5).  A Pd loaded Au 

or Pt tip (Fig. 6) is approached towards the substrate untill it gently touches the surface and a 

“jump to contact” occurs resulting in a localized cluster deposition underneath the tip (Fig 7).  

After deposition of a defined number of clusters their activity was determined using our 

previously developed in-situ technique for local activity measurements (Fig. 3).  It is found 

for arrays consisting of a few Pd clusters, that the current measured for Pd cluster arrays at a 

particular overpotential increases not linearly with the number of clusters in the array (Fig. 8).  

Moreover, we found a dependence of the deposited clusters on the cluster separation. The 

distance between the clusters seems to have an optimum for catalytic activity. Since the 

increased activity of single Pd clusters should be caused by the shift in the center of the d-

band and the spill over effect of hydrogen evolved at the Pd cluster, which diffuses onto the 

surrounding Au(111) terraces where it finally desorbs into the electrolyte, variations in the 

hydrogen evolution current are expected due to the separation of the Pd clusters on the same 

Au(111) surface.   

 

 

Pd on Cu surfaces: 

 Pd clusters have been prepared on different single crystal Cu surfaces utilizing the 

above mentioned deposition routine (Fig. 9 and Fig. 10). The d-band model by Hammer and 

Nørskov predicts a change in activity due to the magnitude and the sign of mismatch in the 

lattice constants. The lattice constant of Cu is somewhat smaller than that of Pd leading to a 
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slight compression in the Pd layer in contrast to Pd on Au where the Pd –Pd distance is 

increased by approx. 5%. Consequently, we find in contrast to the high activity of Pd clusters 

on Au(111), that Pd clusters on Cu(111), Cu(110), and Cu(100) surfaces show an activity that 

is not enhanced s found for Pd on Au. This result is expected from the d-band model by 

Nørskov [1,2]. 

 

 

Development of a pH sensitive nanosensor:  

 In addition to the indirect technique of measuring local reactivity of a Pd cluster using 

the reverse catalytic reaction current at the STM tip, a second technique to locally characterize 

catalytic activity has been developed, using STM tips as local pH sensors.  A direct technique 

allows characterizing reactions, where a product cannot be detected by a reverse reaction.  We 

will use this technique for investigations of methanol oxidation, oxygen reduction, and proton 

reduction (in comparison to the indirect technique).  The STM tip sensors are prepared from 

Pd wire by electrochemical etching and subsequent saturation with H2 (Fig. 11).  They show 

an open cell potential which is determined by the proton concentration at the STM tip 

position. In order to calibrate the pH sensing hydrogen loaded Pd tip, we developed a 

calibration graph utilizing a commercially available pH sensor (Fig. 11). The obtained 

calibration curves allow use to apply this technique in the EC – STM. The local volume which 

can be probed by this technique is as small as approximately 10-15 cm3. The stability of 

hydrogen loaded Pd tips has been proven to be suitable for precision in-situ measurements of 

local proton concentration around an active metal cluster. STM tip isolation results presently 

in a small degradation of sensor performance, which still must be optimized. First in-situ 

measurements of local changes in proton concentration above active Pd clusters on Au(111) 

were performed using an newly developed amplifier in the STM circuitry. An important 
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advantage of this type of proton concentration sensor is the fact that it can be also used as 

STM tip for imaging of the surface morphology in a single experiment.  

 

 

List of Appendix, Illustrations and Tables 

 

Illustrations: 

• Fig. 1:  EC - STM images of different Pd loadings on Au(111) in order to investigate 

the influence of island density, edge atoms and island diameter. 

• Fig. 2:  Obtained hydrogen evolution current densities: comparison between different 

Pd loadings on Au(111). 

• Fig. 3:  Principles of the novel developed measuring technique. 

• Fig. 4:  Distance relationship investigations in order to determine diffusion constants 

of the involved reactants (upper graph).  Current transients due to the hydrogen 

evolution of the deposited clusters measured at the unisolated tip apex (lower graph). 

• Fig. 5:  Schematic of the cluster deposition routine. 

• Fig. 6:  Cyclic voltamogramm of Pd deposition and dissolution on a gold tip (left) and 

Scanning-Electron-Microscope image (right) of deposited Pd on a electrochemically 

etched and isolated Au tip. 

• Fig. 7:  Subsequent deposition of three Pd clusters on Au(111). 

• Fig. 8:  Different current densities of three subsequently deposited Pd clusters on 

Au(111). The hydrogen evolution investigations utilizing the novel developed 

measurement technique reveals a different hydrogen evolution behaviour for varying 

number of clusters. 

• Fig. 9:  Subsequent deposition of several Pt clusters on Cu (upper images). Stability 

investigations of three Pt clusters on Cu (lower images). 
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• Fig. 10:  Example images showing the different stages of optimization of the Pd - 

nanoprobe preparation technique. The Pd tip etched with 1,45 V seems to have the 

best shape to combine local ph – sensing techniques with the electrochemical STM. 

Furthermore, the Pd tip can additionally be used as generator electrode to deposit 

localized nanostructures. 

• Fig. 11:  The comparison of different ph - values measured with an commercially 

available ph – sensor and the obtained open cell potential of a hydrogen loaded pd 

wire led to a calibration graph for ph – sensing (left). The normalized and fitted graph 

to the right shows the dependence of the open cell potential on the ph – value for a 

hydrogen loaded Pd wire. 
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Fig. 1:  EC - STM images of different Pd loadings on Au(111) in order to investigate 

the influence of island density, edge atoms and island diameter. 

 

 

Fig. 2:  Obtained hydrogen evolution current densities:  

Comparison between different Pd coverage on Au(111). 

 

 

 

Fig. 3:  Principles of the novel developed measuring technique. 
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Fig. 4:  Distance relationship investigations in order to determine diffusion constants 

of the involved reactants (upper graph).  Current transients due to the hydrogen 

evolution of the deposited clusters measured at the unisolated tip apex (lower graph). 
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Fig. 5:  Schematic of the cluster deposition routine. 

 

 

 

  

Fig. 6:  Cyclic voltammogram of Pd deposition and dissolution on a gold tip (left) and 

Scanning-Electron-Microscope image (right) of deposited Pd on a electrochemically 

etched and isolated Au tip. 
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Fig. 7:  Subsequent deposition of three Pd clusters on Au(111). 

 

 

 

Fig. 8:  Different current densities of three subsequently deposited Pd clusters on 

Au(111). The hydrogen evolution investigations utilizing the novel developed 

measurement technique reveals different hydrogen evolution rates for varying number 

of clusters. 
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Fig. 9:  Subsequent deposition of several Pt clusters on Cu (upper images). Stability 

investigations of three Pt clusters on Cu (lower images). 

 

 

Fig. 10:  Example images showing the different stages of optimization of the Pd - 

nanoprobe preparation technique. The Pd tip etched with 1.45 V seems to have the 

best shape to combine local pH sensing techniques with the electrochemical STM. 

Furthermore, the Pd tip can additionally be used as generator electrode to deposit 

localized nanostructures. 
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Fig. 11:  The comparison of different pH values measured with a commercially 

available pH sensor and the obtained open cell potential of a hydrogen loaded Pd wire 

led to a calibration graph for pH sensing (left). The normalized and fitted graph to the 

right shows the dependence of the open cell potential on the pH value for a hydrogen 

loaded Pd wire. 

 


